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Summer precipitation associated with synoptic-scale and mesoscale atmospheric 
processes is a common occurrence along the South and North Carolina coasts.  The 
interaction between atmospheric circulation and the diurnal land-sea breeze circulation, 
combined with impacts from the Gulf Stream and the interface between the land-sea, 
conspire across multiple scales to produce precipitation along this complex coastline.  This 
thesis analyzes the spatial and temporal patterns of warm season precipitation in 
relationship to synoptic atmospheric circulation over the coastal regions of North and South 
Carolina.  Precipitation composites are developed for 16 atmospheric classes using WSR-
88D stage IV radar estimates for June, July and August, 1996-2004 based on 3 parameters 
known to relate to the character of the land-sea breeze circulation (the time of day, synoptic 
flow direction, and the degree of synoptic forcing).  In addition, intra-diurnal precipitation 
patterns are examined by dividing the 24 hour day into 12 two-hour increments for the most 
frequent flow directions (i.e. NW, SW and SE).  Results indicate a distinct spatial and 
temporal precipitation pattern that varies based on the interaction of synoptic-scale and 
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Chapter 1:  Introduction and Objectives 
 
1.1 Research Context 
The complex coastline of the Carolinas provides a unique location to study summer 
precipitation patterns.  The interaction of synoptic-scale and mesoscale atmospheric 
processes, combined with impacts from the Gulf Stream and the interface between the land 
and sea, conspire across multiple space and time scales to produce precipitation in the 
region.  This study will explore relationships between atmospheric circulation and the 
spatial and temporal patterns of warm season precipitation over the coastal regions of North 
and South Carolina.   
During the warm season (June, July and August), the southeastern United States is 
strongly influenced by the Bermuda high pressure system, a quasi-permanent region of 
anticyclonic (clockwise) flow centered over the North Atlantic Ocean (Davis et al., 1997).  
During the summer, this feature is typically centered southeast of the Carolina Coast.  In 
this position, it promotes a weak south-westerly surface wind flow and an elevated 
inversion layer, which strongly inhibits widespread thunderstorm development.  This 
prevailing pattern is punctuated by marked northward and eastward shifts of the 
anticyclone, which occur as precipitation-producing tropical cyclones and fronts cross the 
region.   On most days, a daytime sea breeze circulation develops along the coast and 
provides a focus for the development of localized thunderstorm activity. 
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The sea breeze is forced by the differential heating of the land and water; it manifests as 
an onshore circulation that rises convectively inland and produces localized precipitation.  
The strength of the sea breeze and the amount, exact location, and the timing of 
precipitation, are all dependent on larger scale synoptic processes as well as the shape and 
orientation of the coastline (Arrit 1988, Frysinger et al. 2003, Tunney 1996, Gilliam et al. 
2003).  While prior studies have explored these complex relationships, this study will 
analyze high resolution observational radar data over the coastal Carolinas. Additionally, 
high resolution temporal data (i.e. examined in two hour increments) will allow for a 
detailed analysis of the diurnal timing of precipitation across the region.  The timing of 
precipitation is of key importance in the region, since the Sea breeze circulation evolves 
over a diurnal cycle that shifts based on the synoptic wind flow. 
Summer precipitation can drastically impact the people and economy of the Carolina 
coasts.  This coastal region, like many around the country, has seen rapid growth over the 
last few decades in total population, property values and infrastructure for tourism.  By 
identifying details in the spatial and temporal patterns of precipitation under different 
synoptic regimes, this study will be of much utility to the National Weather Service (NWS), 
who develop forecasting products for both onshore and offshore regions. 
A study of summer precipitation patterns along coastal North and South Carolina 
requires an understanding of several bodies of literature.  This background section includes 
the following: 1) an overview of precipitation and patterns of convection in the Eastern 
Carolinas, 2) a description of synoptic-scale influences in the Southeast, 3) a detailed look 
at the mesoscale aspects of the Sea breeze in the Carolinas (especially in relationship to the 
synoptic flow), 4) the role of coastline shape on the sea breeze and resultant precipitation, 
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and 5) an overview of the offshore waters of the South Atlantic Bight in relationship to 
precipitation patterns.  This chapter concludes with objectives that guided this thesis.   
 
1.2 Objectives 
The following objectives served to guide this thesis: 
 
 
• Explore relationships between atmospheric circulation and the spatial and temporal 




• Assess the importance of coastline shape on the pattern of summer precipitation  
 
 
• Analyze offshore precipitation patterns associated with the Gulf Stream 
 
 




• Provide useful information for increasing the spatial and temporal specificity of the 







Chapter 2: Background 
 
2.1 Precipitation and patterns of convection in the Eastern Carolinas 
The process of precipitation requires the presence of water vapor in the atmosphere 
along with a lifting mechanism for raising parcels containing water vapor to the lifting 
condensation level (LCL).  As water vapor is lifted to the LCL it cools adiabatically and the 
water vapor condenses forming clouds and potentially precipitation.  Precipitation forms 
through two processes during the summer in the Carolinas: 1) the collision-coalescence 
process and 2) the Bergeron process.   
The collision-coalescence process produces precipitation in warm clouds through 
the collision of cloud droplets, forming increasingly larger droplets.  The Bergeron process 
(or ice crystal process) occurs within cold clouds (<-10° C) through three phase changes of 
water: evaporation, deposition, and freezing.  When the Bergeron process is active, cloud 
droplets evaporate creating super-cooled water vapor within the cloud.  This super-cooled 
water vapor forms ice crystals directly on the existing ice nuclei through the process of 
deposition.   Additionally, riming, or the freezing of cloud droplets onto ice crystals, 
increases the size of the ice crystals (Pruppacher and Klett 1997).  These ice crystals fall to 
earth directly as snow during the cool season, or melt as they pass through a warm layer at 
the surface creating rain.  These processes can occur independently but typically take place 
simultaneously in the same cloud (i.e. Bergeron in the elevated, sub-freezing portion of the 
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cloud and collision coalescence in the low level, warm portions of the cloud).   
Moisture in the atmosphere over the Carolinas comes primarily from exogenous 
sources: the Gulf of Mexico, the Atlantic Ocean, and the Pacific Ocean (Hales 1974, 
Rasmussen 1967), and secondarily from endogenous sources via evapotranspiration 
(Trenberth 1999).  Water vapor in the atmosphere produces precipitation when it is forced 
to rise through a number of mechanisms, including; frontal lifting, instability associated 
with the uneven heating of the atmosphere, or dynamics associated with synoptic scale 
atmospheric disturbances (Trenberth et al. 2003).  
 Convection occurs when air is relatively warmer and less dense then the 
surrounding air causing it to rise.  As the air ascends, it cools adiabatically allowing water 
vapor in the air to condense, which releases latent heat and therefore adds more buoyancy 
to the air. Convection develops on the cloud scale; however, larger scale convection 
systems can develop in association with synoptic scale features such as fronts and upper 
level disturbances (Emmanual, 1994). Surface convergence and rising air often occurs in 
conjunction with an upper level divergence where winds in the mid and upper troposphere 
diverge.   
 Convection over the coastal Carolinas and the offshore region shows a marked 
diurnal pattern throughout the summer months.  Allis and Raman (1995) analyzed the 
occurrence of high and low clouds over a similar study area extending slightly further 
offshore during the summer months using satellite.  High clouds indicate the occurrence of 
vertical development such as the anvil heads from active and dissipating thunderstorms.   
Over land, high clouds reached a maximum coverage at 1900 LST and a minimum at 0700 
LST.  Over the water, the coverage of high clouds did not change significantly between 
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1900 and 0100 LST; however, an increase in cloudiness in the offshore region occurred 
between 0700 and 1300 LST.  This study reasoned that with the mean westerly upper level 
flow in the area, high clouds develop over land and propagate offshore through advection, 
reaching the Gulf Stream approximately 18 hours later, thus accounting for the 1300 LST 
high cloud maximum offshore.  The following sections outline synoptic and mesoscale 
influences on precipitation as well as the impacts of coastline geometry and the Gulf 
Stream.   
 
2.2 Synoptic Scale Influences 
Several synoptic scale processes impact the occurrence and pattern of precipitation 
along the Carolina coasts.  During the summer months, the jet stream typically remains well 
to the north of the region, allowing the Bermuda High to expand westward and build over 
the Southeastern United States (Fig. 1.1).  The Bermuda High exerts a strong control on 
circulation in the region, both horizontally and vertically.  When over the Carolinas, this 
semi-permanent high pressure system, with winds rotating around it in a clockwise 
direction, diverts eastward-travelling low pressure systems to the north and tropical activity 
to the south and west (Robinson, 2005).  Vertically, sinking motions within the Bermuda 
High create an elevated subsidence inversion limiting deep convection.  When the Bermuda 
High builds over our region, relatively warm temperatures in the upper and middle 
troposphere inhibit convection and precipitation in the Southeast United State during the 
summer months.  The weak horizontal pressure gradient is responsible for the mainly weak 
winds throughout our region during the warm season (Davis 1996).  While the Bermuda 
High limits the depth of convection, local convection can occur beneath the subsidence 
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inversion, but is limited vertically.   As the Bermuda High weakens or shifts offshore, the 
subsidence inversion weakens allowing for deeper convective activity.   The strength and 
location of the Bermuda High shifts throughout the summer and varies from year to year. 
 
 
Figure 2.1 Typical summer synoptic conditions showing the inflow of moisture as a result 
of clockwise flow around the Bermuda High.  The Bermuda High acts to divert low 
pressure system to the North. 
 
While the Bermuda High dominates during the warm season, occasional eastward 
shifts allow for the passage of extratropical or tropical systems through the area.  Fronts 
associated with extratropical systems can either pass through the area quickly or become 
stalled, resulting in multiple days with precipitation.  The sporadic passage of tropical 
systems through the area can also lead to large amounts of precipitation over short time 
periods (Weisberg and Pietrafesa, 1983).  Hurricanes and tropical storms occur primarily 







storms punctuate the otherwise relatively benign summertime pattern in which mesoscale 
features, such as the sea breeze circulation, can exert a significant influence (Robinson, 
2005).   
During the summer months, the synoptic wind is generally weak and from the 
Southwest.  Wind directions throughout the study area are relatively spatially coherent with 
winds offshore blowing about one and a half times as strong at the winds over the land due 
to surface friction over land (Weisberg and Pietrafesa, 1983).  These winds are the result of 
the anticyclonic wind flow around the Bermuda High. This airflow brings moisture to the 
region mainly from the Atlantic Ocean and the Gulf of Mexico resulting in high values of 
relative humidity and an atmosphere that has water vapor readily available for precipitation 
(Robinson, 2005).   
 
2.3 Mesoscale Influences 
In addition to synoptic scale influences, several mesoscale processes, most notably the 
sea breeze circulation, contribute to the formation of precipitation along the Carolina coast.  
The sea breeze has been shown to influence coastal precipitation almost 40% of the time 
during June, July, and August and contributes to over 50% of the summer precipitation 
(Boyles 2006).  Koch and Ray (1997) detected the sea breeze front on 88% of days between 
May and September using surface wind data, suggesting a strong influence on summer 
atmospheric conditions along the coast.  Their study found that Sea breeze fronts were the 
second most common convergent boundary behind thunderstorm outflow boundaries.  
The sea breeze circulation develops when a sufficiently strong surface temperature 
gradient forms between the land and the sea due to the differential heating of the surfaces 
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from daytime solar isolation, as shown in figure 1.2.  The land, with a lower specific heat, 
warms more rapidly during the day, while water, with a higher specific heat and a deeper 
penetration of solar radiation, warms more slowly and remains relatively cooler throughout 
the day.  The bottom of the tropospheric column responds to the surface temperature 
gradient expanding less over the water than expanding over land.  This results in relatively 
lower surface pressures over the land.  At the surface, cooler maritime air advects onshore 
towards the low pressure creating a local area of convergence and forced lift along the Sea 
breeze front.  Due to density differences, the marine air rises along the sea breeze front 
producing convective clouds, and often precipitation and thunderstorms in the late 
afternoon (Frysinger et al. 2003).  Aloft, the return flow opposes the surface sea breeze and 
advects relatively warm air offshore where it descends towards the offshore high pressure. 
This descending air stifles convective activity offshore (Antonelli, 2007).  Using models, 
Tunney (1996) estimated that the seaward extent of the sea breeze could propagate offshore 
up to 110 km off Charleston, SC, and Edwards (2008) determined that the sea breeze 
circulation extended up to 250 km offshore near 30° N based on a diurnal variation in the 
wind direction.  No study that we are aware of has explored the affect of the offshore 


















Figure 2.2: Schematic showing the sea breeze circulation.  Black arrows represent airflow 
and pink lines represent lines of equal pressure. 
 
The passage of the sea breeze front is typically accompanied at the surface by a 
decrease in air temperature, a band of cumulus clouds along the sea breeze front, an 
increase in the dew point, a shift in wind direction, and an increase in wind speed (Atkins 
and Wakimoto, 1997).   During the nighttime and early morning hours, the circulation 
reverses due to cooler temperatures over land and warmer temperatures offshore.  The 
resultant surface wind shifts offshore and convection is encouraged over the waters and 
discouraged over land.  This element of the circulation, known as the land breeze, is 
typically weaker than the daytime sea breeze component (Baker 2001, Zhong, 1992).   
The temperature difference between the land and the sea is maximized approximately 2 
hours after 1200 LST; however, the sea breeze circulation continues to strengthen 
throughout the afternoon until the point when the temperature gradient is no longer able to 
overcome the effects of friction and the circulation begins to weaken (Haurwitz, 1947).  
Booth (2008) found that under northwesterly, northerly and northeasterly flow over the 
Sea breeze 
 Front 
Cool, moist maritime air 














coastal Carolinas, thunderstorms did not develop until after the time of the maximum 
thermal gradient, while when the wind had a southerly component, storms developed earlier 
in the morning, likely due to a more unstable atmosphere.  The strength of the surface wind 
associated with the sea breeze has been found through observations to be the strongest 
along the immediate coast and decreases with distance inland, likely as a result of surface 
friction (Zhong, 1992).  The depth of the sea breeze circulation cell has been found through 
model studies to extend vertically, 1.1 to 1.4 miles (1.7 to 2.25 km) (Koch and Ray, 1997) 
through the lower troposphere.   
While variations in the development of the sea breeze occur in response to the strength 
of the thermal gradient and synoptic forcing, inertial effects near 30°N have been shown to 
increase the strength of the sea breeze circulation there.  The inertial period in the 
atmosphere varies based on latitude; inertial currents can occur when air movement is acted 
on by the Coriolis Effect.  At 30°N the inertial and diurnal forcing of the sea breeze 
circulation are in resonance at the 24 hour period and can result in an enhanced sea breeze 
circulation (Simpson, 1994).  Through a combined observational and modeled study, 
Edwards (2008) determined that the strength of the sea breeze circulation in the South 
Atlantic Bight increases with closer proximity to 30°N.   
Variations in the strength and location of the sea breeze have been shown to relate to the 
temperature gradient, synoptic flow, and inertial forcing; however, interaction between the 
sea breeze, the land breeze, and convergence occurring along the Gulf Stream has not been 





2.4 The Relationship of the Sea breeze to Synoptic Conditions 
This section outlines how the synoptic wind direction influences the strength, 
timing, and location of the sea breeze front.   The strength of the sea breeze circulation, the 
inland propagation of the sea breeze front as well as the sea breeze initiation and peak times 
all relate to the synoptic scale wind regime.  Four wind regimes are defined for this study 
and their relationships to the sea breeze is discussed below.  The four wind regimes are 
designated: offshore flow, onshore flow, alongshore flow, and weak flow.  These wind 
regimes are described for a typical southeast-facing coastline; however, complexities along 
the coast result in local differences for each of the flow directions.  The importance of 
coastline shape in relationship to synoptic flow will be discussed in the next section.  The 
































Figure 2.3:  Schematics of the Sea breeze under different synoptic flow directions based on 
model and observational studies (Arritt, 1993; Gilliam et al., 2003; Tunney, 1996 
 
 
Offshore Synoptic Flow 
Offshore synoptic flow (from the northwest), which opposes the surface flow of the 
sea breeze, has been shown using both model simulations and observations to produce the 
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front) (Arrit, 1988; Frysinger et al., 2003; Tunney, 1996; Gilliam et al., 2003).  The air 
associated with offshore flow originates over the continental interior and brings warm air to 
the coast, increasing the thermal gradient and the strength of the sea breeze.  Furthermore, 
this flow compresses the thermal gradient horizontally which, in addition to increasing the 
strength, results in a decrease in the horizontal extent of the circulation cell.  Therefore, 
during offshore flow conditions, the sea breeze circulation does not to penetrate as far 
inland, and generally remains directly along the shoreline or in some cases immediately 
offshore as shown in figure 1.3a (Arrit, 1988, Gilliam et al. 2003). Through model studies, 
Arritt (1993) found that when the large-scale northwesterly flow is strong, the entire sea 
breeze circulation remains offshore and the stratified air over the water inhibited vertical 
velocities.  This study specifically found that an offshore flow of greater then 5 -7 ms-1 
forced the entire circulation cell to remain offshore.   Under very strong offshore flow, the 
sea breeze is not able to overcome the opposing flow and does not develop (Arritt 1993). 
The sea breeze front along the east facing coasts was found to penetrate further inland than 
south facing coasts, and upward motion along the front was maximized at the capes and 
minimized in the bays under offshore flow conditions (Gilliam et al. 2003).   
Tunney found through a model study that offshore flow causes an average 
development of the sea breeze circulation at 1500 LST near Charleston, SC, slightly later 
than under other synoptic flow conditions.  Additionally, he found that this daytime sea 
breeze was sufficiently strong to stifle the development of the nighttime land breeze 
circulation and early morning offshore convective activity. 
 
Onshore Synoptic Flow 
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When the synoptic flow is onshore (from the southeast), the sea breeze circulation is 
either suppressed completely or weakened (Arrit, 1988; Gilliam et al.., 2003; Tunney, 
1996).  An onshore flow advects relatively cooler air from the ocean inland thus decreasing 
the thermal gradient and weakening the sea breeze circulation.  Arrit (1988) found that 
unless onshore flow was weak, the sea breeze was completely suppressed, while Tunney 
established that under all onshore flow conditions the sea breeze did not develop.   
Two studies observed sea breeze development under weak onshore conditions.  
Gilliam et al. (2004) observed that in the Carolinas, under light onshore flow conditions, a 
strong sea breeze front can form and propagate inland over 100 km.  Booth (2008) found 
that in coastal North and South Carolina, onshore flow resulted in an early development of 
the sea breeze.  This study agreed with Gilliam et al. (2004) and established a deep inland 
propagation of the sea breeze front with onshore flow (Fig. 1.3b).  Booth (2008) observed 
that under these conditions, storms typically developed at least 30 km inland from the coast. 
 
Alongshore Synoptic Flow 
Alongshore flow in the Carolinas is generally from the southwest with only occasional 
periods of northeasterly flow.  Studies have disagreed on the influence of alongshore 
synoptic flow in terms of its influence on the strength of the sea breeze circulation (Tunney, 
1996; Gilliam et al., 2003).  This may relate to differences in coastline orientation as slight 
variations in alongshore flow can influence the sea breeze differently over even local scales. 
Under these conditions, Gilliam et al. (2004) observed a “dual sea breeze structure.” Along 
the southerly facing coasts, the synoptic flow was onshore and therefore aided in pushing 
the sea breeze further inland.  Along the east facing coasts, the synoptic flow was more 
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parallel to the shoreline or slightly offshore, (i.e. alongshore) and resulted in a sea breeze 
front that penetrated a shorter distance inland.  This combination of flow regimes, resulting 
from the different coastline orientations, leads to dual fronts that can intersect later in the 
day.  It is possible that precipitation may be maximized in the afternoon where these dual 
fronts intersect based on Koch and Ray’s (1997) study of interacting convergent boundaries 
as shown in figure 1.5.  Their study defined 10 atmospheric boundaries over the Piedmont 
and Coastal Carolinas and determined that these boundaries, including the sea breeze 
produce convection 74% of the time, and intersections between the boundaries usually 
result in rapid deep convection and heavier precipitation development. 
In the Carolinas, alongshore flow from the northeast typically results in the driest 
conditions over the area, while alongshore flow from the southwest results in the most 
frequent convection regardless of the development of the Sea breeze (Booth 2008).  
Southwest flow carries warm, moist air directly from the Gulf of Mexico and the Atlantic 
Ocean, thus providing a key ingredient for precipitation, while northeast flow brings cooler 
more stable air to the area (Booth 2008).  Under south-southwesterly flow, the sea breeze 
propagates further inland than under offshore flow as the circulation remains along the 
immediate coast as shown in figure 1.3c (Gilliam et al. (2004). 
 
Weak Flow 
Under weak synoptic flow conditions, the sea breeze is more strongly influenced by the 
land-sea temperature gradient than by the synoptic flow.  These conditions typically occur 
when the Bermuda High is centered over the area and winds are weak and variable. Tunney 
(1996) modeled the sea breeze off of Charleston, SC and found that under weak flow, the 
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sea breeze developed at 1500 LST, similar to the case of offshore flow, with average peak 
intensity at 2100 LST.  Penetration from the coast was uniform regardless of the coastline 
orientation.  Under calm conditions, a weak land breeze developed during the evening 
hours.  When the Bermuda High controls circulation in the region, deep convection along 
the sea breeze front may be limited due to the subsidence inversion. 
The relationship of the sea breeze to the synoptic wind regime has been studied using 
both modeled and observational data; however, these relationships have not been tied 
specifically to precipitation.  This study will examine this relationship using high resolution 
observational radar data and wind observations over the North and South Carolina coast. 
 
2.5 Coastline Geometry and Orientation 
The unique shape of the Carolina coastline makes it a prominent factor when 
studying the sea breeze in this region.  The North Carolina coastline consists of a series of 
capes and bays shown in figure 1.4.  Between these capes, the coastline alternates from 
east-facing to south-facing.  The South Carolina coast is mostly southeast-facing with a 
gentle cape (Cape Romain). Multiple studies have related the shape and orientation of the 
coastline to the strength of the sea breeze circulation and resultant precipitation (Baker, 
2001; Arritt, 1993; Gilliam et al., 2003; Boyles, 2006; Fovell, 2004; Booth, 2008).   
Baker (2001) found that the heaviest precipitation occurred in the Carolinas just 
inland of convex coastlines where sea breeze fronts converge, while lighter precipitation 
occurred inland of concave coastlines where sea breeze fronts diverge.  Arritt (1993) 
similarly studied coastline shape based on different idealized coastlines and came up with 
similar findings to Baker (2001).  Additionally, Booth (2008) used observations to study the 
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sea breeze in the Carolinas and determined that storms first developed inland of the Capes 
in North and South Carolina (i.e. the convex portions of the coastline). 
 
Figure 2.4 Map showing the complex coastline of the study area.  The coast is punctuated 
by a series of capes and bays and a coastline that alternates between south and east facing. 
 
Along the Carolina coasts, Gilliam et al. (2003) confirmed the above studies and 
found that sea breeze fronts in the Carolinas advanced at different speeds and intensities on 
either side of a cape based on synoptic scale flow.  In the case of westerly flow, south 
facing slopes experience alongshore flow, while easterly facing coasts experience offshore 
flow.  The sea breeze front typically advances inland parallel to the coast; however, in 





















and diverge resulting in areas of enhanced or diminished convection as shown in figure 1.5.   
Generally, east facing coastlines show the heaviest summer precipitation with 
minimum precipitation found inland of south-facing coasts (Boyles 2006). The prevailing 
southwest synoptic flow during the summer encourages offshore flow and enhanced coastal 
precipitation, while south facing coasts experience alongshore or onshore flow.  A local 
precipitation maximum over the Cape Fear area in North Carolina where the east and south 
facing coastlines meet, suggests a convergence of sea breeze fronts.  Additionally, a 
precipitation maximum has been noted inland of Cape Romain, SC, suggesting that a 
gradual convex coastline curvature may also increase precipitation (Boyles 2006).  While 
many studies have explored the importance of capes in concentrating precipitation, Booth 
(2008) studied the concave bays between the capes and identified an area of suppressed 
convection just offshore, due to an area of enhanced divergence (Fig. 1.5). 
 
Figure 2.5: Schematic showing the intersection of sea breeze front inland of a Cape 
enhancing convective activity and precipitation, and the divergence of air in the center of a 
Bay inhibiting convection. 
 









clefts and lobes in the front can occur, which cause small differences in the propagation of 
the sea breeze front and variations in precipitation (Daily and Fovell (1998).  Daily and 
Fovell (1998) studied the interaction of the sea breeze front with horizontal convective rolls 
(HCRs).  HCRs develop through convection during the morning hours and are oriented 
roughly parallel to the surface wind direction (figure 1.6a).  This study determined that 
when these rolls are oriented perpendicular to the sea breeze front, precipitation is more 
likely to occur, specifically in areas where the HCR converge at the surface.  When the 
front is oriented parallel to the HCR’s, precipitation is less likely and these rolls tend to 
merge with the front (see figure 1.6).   




Figure 2.6: Schematic showing a simulation of the SBF interacting with the horizontal 
convective rolls.  (a) The SBF prior to the development of the HCRs.  (b) Development of 
the HCRs. (c) Convection is enhanced with the HCRs, specifically where the HCRs 
converge at the surface.  (Figure 15 from Dailey and Fovell (1999)) 
 
The relationship between coastline geometry and the Sea breeze in North Carolina is 
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well understood in relationship to synoptic wind flow, and one study has examined the 
relationship to precipitation. However, the timing and location of the initial development of 
precipitation is not known, specifically in this study area.  The high resolution of the data 
will allow for a detailed analysis of the impact of coastline geometry. 
 
2.6 Precipitation Patterns over the Offshore Waters  
The offshore waters within the study area, with the exception of the cooler coastal 
waters North of Cape Hatteras, NC, constitute the northern portion of the South Atlantic 
Bight (SAB). The SAB includes the waters over the continental shelf out to the 200 m 
isobath, from Cape Hatteras, NC to Cape Canaveral Florida (figure 1.7).  The northern 
coastline of this large Bay is punctuated by alternating bays and capes along the NC Coast, 
and the entire region is influenced by rivers, tidal inlets and ocean-atmosphere heat and 
momentum fluxes.  Additionally, this large bight is strongly influenced by the Gulf Stream, 
a warm oceanic western boundary current that rapidly advects water from the equatorial 
region northward.  The mean path of the western boundary of the Gulf Stream follows the 
continental shelf break; however, meanders and eddies in the path of the Gulf Stream 
influence the shelf waters on roughly weekly time scales (Blanton et al. 2006). The exact 
path of the Gulf Stream depends on the coastline, the ocean floor topography, water from 





Figure 2.7: Map of the SAB showing the Continental shelf region and the mean path of the 
Gulf Stream.  Figure taken from Bane et al, 2001. 
 
During the summer months, warm sea surface temperatures (SSTs) of up to 28°C or 
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more are found throughout the SAB as a result of high amounts of solar insolation and 
inputs of relatively warm water from the Gulf Stream.   While the SST gradient between the 
Gulf Stream waters and the shelf waters of the SAB can SST 15°C or more during the 
winter, the summer variation is generally no more than a few degrees °C (Blanton et al., 
2003, Bane et al., 2001).  Throughout the year, daily heat fluxes between the ocean and 
atmosphere, as well as evaporation, impact precipitation patterns both onshore and offshore 
over the Carolinas.  The Gulf Stream has received significant attention as a contributor of 
latent and sensible heat to winter storms in the Carolinas; however, few studies have 
examined the impact of the smaller summer temperature gradient on precipitation patterns.  
Similar to the inland region, the atmospheric conditions over the South Atlantic Bight 
are controlled seasonally by the Bermuda High pressure, the jet stream, transient tropical 
and mid-latitude cyclones and fronts.  The wind field over the SAB must be extrapolated 
due to limited recorded data over the ocean (Weisberg and Pietrafesa, 1983).  As 
mentioned, throughout the SAB, winds and pressure are typically coherent with winds 
about one and a half time stronger offshore then the winds over land in the summer as a 
result of surface friction over land (Weisberg and Pietrafesa, 1983).  
Two studies observed high clouds over the Gulf Stream during the summer month 
indicating the presence of the anvil heads of thunderstorms.  Off the Carolina coast, Allis 
and Raman (1995) found high clouds covered over 40% of the Gulf Stream during the early 
afternoon.  Meisner and Arkin (1987) found a maximum coverage of cold, high clouds over 
the Gulf Stream during the summer months as compared to other areas along the east coast.  
Minobe et al. (2008) utilized satellite imagery to determine the impact of the Gulf 
Stream on the troposphere.  They found wind convergence and divergence occurring over 
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the western boundary of the Gulf Stream during the summer months.   The study 
determined that a high pressure developed over the colder waters of the continental shelf 
and a low pressure developed over the warmer waters of the Gulf Stream.  Similar to the 
sea breeze circulation that develops along the coast, relatively warm, less dense air 
ascended over the Gulf Stream and descended over the slightly cooler continental shelf 
waters.   Surface convergence over the low resulted in a narrow band of convection and 
precipitation, known as the Gulf Stream Atmospheric Front (GSAF).  The GSAF is oriented 
parallel to the axis of the Gulf Stream and extends upward through the lower troposphere.  
This region of convergence is supported by high clouds and a high frequency of lightning 
strikes over the western boundary of the Gulf Stream (Minobe et al., 2008).  Additionally, 
Trunk and Bosart (1990) used radar to look at precipitation in the SAB and noticed “radar 
clusters”  parallel to the Gulf Stream and just seaward of the warmest Gulf Stream waters 
supporting the presence of a GSAF during the spring months.  This front is more prominent 
during the daytime, suggesting a diurnal signal of circulation.  Allis and Raman (1995) 
found the areal coverage of high level cloudiness reached a peak over the Gulf Stream at 
1300 LST and decreased to a minimum at 1900 LST.   
Sublette and Young (1996) determined that while SST gradients are weaker in the 
summer versus winter months, the temperature gradient remains significant enough to 
produce the GSAF when atmospheric conditions are conducive.  When the synoptic wind 
flow was perpendicular to the SST isotherms (e.g. easterly or westerly flow), surface level 
convergence did not occur as a result of mixing and the degrading of the thermal gradient.   
From June through September, their study found that the wind direction at Cape Hatteras 
was predominately southwesterly and thus parallel to the axis of the Gulf Stream providing 
24 
 
ideal conditions for the development of the GSAF.  Several observations showed a line of 
cumulus clouds along the western edge of the Gulf Stream coinciding with a change in 
surface wind direction indicating the development of the GSAF. 
The offshore waters located north of Cape Hatteras are the southern portion of the Mid-
Atlantic Bight and are relatively cool compared to the waters of the SAB.  These cooler 
waters result in changes in atmospheric fluxes and evaporation and impact convection and 
precipitation in the area. Allis and Raman (1995) found low clouds to reach a maximum in 
this area at 1300 LST.  These low clouds occurred in a more stratified atmosphere and did 
not indicate the vertical development that occurred over the SAB. 
The present study will analyze precipitation patterns over the continental shelf waters 
and the Gulf Stream.  While the GSAF has been identified by the studies above, no study 
has related this to the occurrence of precipitation during the summer.  Additionally, studies 
have disagreed over the timing of maximum precipitation over the Gulf Stream.  The high 
resolution radar data extends over the coastal waters and will enable an analysis of this 
region, specifically in terms of the resultant precipitation.  Furthermore, a study of 
precipitation in the offshore region with respect to synoptic flow and synoptic forcing will 









Chapter 3: Data and methods 
 
This study uses WSR-88D Stage IV radar data to analyze the summer precipitation 
patterns over the North and South Carolina coastal area.  Radar data were selected using 
three parameters shown in prior studies to relate to the sea breeze circulation: the time of 
day, the synoptic flow, and large scale forcing for vertical motions.  This section provides 
an overview of the study area and describes the radar data and methods utilized in this 
analysis.   
 
3.1 Study Area  
The study area includes the coastal regions of North and South Carolina from the 
Virginia border to the Georgia border, extending over the adjacent water out to and 
including the Gulf Stream (Fig. 2.1).  The coastal region of the Carolinas contains the low 
lying coastal plains comprised of marshland and sandy soils as well as portions of the 
Piedmont, a gently rolling landscape with elevations between 100 – 300m and mostly clay 
soils.  The coastline is generally southeast facing and consists of alternating capes and bays 
as well as several bodies of water inland of the Outer Banks. The offshore region includes 
the warm waters of the South Atlantic Bight (SAB) extending out to the Gulf Stream, and a 
small portion of the relatively cooler waters of the Mid Atlantic Bight, north of Cape 




Figure 3.1 Map showing the 7 regions within the study area 
 
3.2 Data  
WSR-88D Stage IV radar estimates were acquired to develop precipitation averages for 
this study. With a higher spatial resolution than gauge data, Stage IV radar data combine 
and mosaic hourly data from individual radar stations to create gridded precipitation 
estimates.  In addition to sparse coverage across the study area, gauge data are limited to 
land and do not provide information over the offshore portion of the study area.  Mosaicked 
Stage IV radar estimates are more accurate than individual radar estimates and extend 











using gauge data.  Producing Stage IV radar data involves several processing steps 
beginning with the collection of initial estimates at individual radar sites.  The following 
paragraphs outline the processes involved in computing stage IV data from raw 
precipitation estimates.   
Raw precipitation estimates are obtained from individual S-band weather surveillance 
radar-1998 Doppler (WSR-88D) radars and put through a Z-R relationship to produce 
hourly Stage I data.  The Z-R relationship relates the radar reflectivity to the precipitation 
rate.  Several Z-R relationships are used based on the general precipitation processes that 
occur in the area.  These relationships make assumptions regarding the droplet size and 
distribution, both of which control the intensity of the radar return.   Two relationships are 
used in the Southeast US: the default equation for deep convection, and the alternate 
equation for tropical environments.  These equations are: 
 
Default equation Z = 300R1.4  
Alternate equation  Z = 300R1.2 
where Z is the precipitation rate in mm6 m-3 and R is reflectivity in mm h-1  
 
Errors may exist in stage I data due to the misrepresentation of precipitation type in the 
Z-R relationship.  Precipitation in the form of sleet, snow or ice may have the same 
reflectivity value but different amounts of water, giving an anomalous return.   
Additionally, beam overshooting and the widening of the radar beam can result in 
unmeasured low-level precipitation far away and unmeasured high-level precipitation near 
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the radar. Finally, trees, buildings or other features can directly impede the radar beam 
(Dyer and Garza, 2004; Fulton et al., 1998; Boyles 2006).   
Stage II radar estimates have been adjusted by mean and gauge-derived biases, for an 
area within 230 km radius of each radar site (referred to as the radar umbrella).  The 
adjustment algorithm calculates the hourly bias between gauge estimates and the radar 
pixels immediately around the gauge location and adjusts the radar estimates based on any 
discrepancies. While this improves the accuracy of the radar data, inaccuracies may still 
exist as a result of errors in the gauge data themselves (Fulton et al., 1998).  A lack of 
gauges over the offshore region limits the quality control of data in this area (figure 2.2).  
Stage III data combine and mosaic individual radar data for each river watershed.  Gauge 
and radar data are manually processed to remove bad data or errors at this stage. 
Stage IV data apply a mosaic of radar coverage across multiple river forecast model 
regions using Stage II radar estimates described above.  Where radar umbrellas overlap, 
precipitation estimates use either the mean or maximum values from the individual radars.   
While errors still exist in the initial stage I data, the piecing together of radar data from 
adjacent sites (i.e. mosaicking) of the data minimizes errors.  Stage IV data compile and 
mosaic values directly from Stage II and does not use Stage III data that have undergone 
manual corrections as described above (Fulton et al., 1998).  
 Several precipitation studies in the Carolinas have utilized radar data to identify 
precipitation and the location of sea breeze front. Gilliam et al. (2004) identified the sea 
breeze front using radar data solely from the Wilmington, NC station.  Koch and Ray 
(1997) also used radar data to identify the sea breeze and other boundaries through the 
detection of thermals or the gathering of scatterers (primarily insects).  Both Boyles (2006) 
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and Booth (2008) used WSR-88D NOWRAD composites to examine precipitation totals in 
relation to summer convection and the sea breeze front.  Boyles (2006) compared the 
multiple levels of radar data and determined that stage IV provide better estimates than 
stage II data, however, both stage II and stage IV estimates have large errors.  While 
inaccuracies in the data are important to note, this thesis explores relative precipitation 
patterns based on the atmospheric circulation regime and is less interested in absolute 
values. Stage IV radar data for this study was provided by Jamie Dyer, Mississippi State 
University, for the months of June, July and August, 1996-2004.   
Continuous mosaiked radar coverage is provided across the study region (Fig. 2.2).  
Coastal radar stations at Charleston, SC, Wilmington, NC, Morehead City, NC, and 
Wakefield, VA provide offshore radar estimates that extend into the Gulf Stream and allow 
for an estimation of offshore precipitation patterns.  While each radar station records out to 
a 230 km radius, accuracy degrades with distance, specifically over 180 km.  
Underestimates as a result of beam overshooting as well as the reflection from larger 
hydrometeors all contribute to inaccuracies in radar data over 180 km.   
 Figure 3.2 Map showing gauge and 
 
 
Gridded 2.5 by 2.5 latitude
Environmental Prediction (NCEP) 
hPa vertical velocity at 00 and 12 UTC near the center point of the study area (Wilmingt
NC).  The NCEP data are produced through a reanalysis of weather conditions using a 
blend of numerical model approximations of the atmospheric state with surface and 
radiosonde observational data.  The
identify periods in which large
rising circulations are typically found immediately downstream of upper level
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radar location coverage’s over the study area. 
-longitude reanalysis data from the National Center for 
were used to estimate surface wind direction and 700 
 700 hPa vertical velocity estimations can be used 






 jet stream 
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waves; they increase the instability in the atmospheric column and are therefore associated 
with the widespread development of deep convection (e.g. mesoscale convective systems, 
including squall lines).  It should be noted that the surface wind vector from the NCEP 
reanalysis data estimates a synoptic scale wind that is not influenced by local circulations 
(e.g. sea breeze circulation).  
 
3.3 Analysis 
 The major goal of this study is to explore relationships between atmospheric 
circulation, coastline shape, and the spatial - temporal patterns of warm season precipitation 
over the study area.  To achieve this, gridded hourly stage IV radar estimates for the entire 
study period were divided into 16 classes. These classes were defined based on 3 
parameters known to relate to the atmospheric circulation and local precipitation patterns: 
time of day, synoptic flow direction, and forcing.  Values for each parameter are outlined in 
table 2.1.  All days associated with the movement of tropical cyclones across the area were 
removed from the analysis as the widespread excessive precipitation associated with these 
systems can exert a disproportionate influence on the precipitation composites. 
Hourly gridded precipitation estimates were selected for all periods within each 
synoptic class and averaged.  A mean precipitation composite for each class was mapped 
using a GIS. Precipitation composites were developed for AM (2200-1000 LST) and PM 
(1000-2200 LST) periods of analysis.  The PM period allows for the independent analysis 
of precipitation patterns associated with convection generated by daytime heating and the 
sea breeze front.  As discussed earlier, the synoptic circulation plays a key role in the large 
scale patterns of precipitation as well as a part in the strength, movement, and timing of the 
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sea breeze front (Arrit, 1993; Gilliam et al., 2003; Tunney, 1996).  Therefore, each 12-hour 
period was sub-classified on the basis of the synoptic flow direction and forcing.   Four 
quadrants (NW, SW, SE, and NE) were designated along with a 5th class identifying periods 
in which the synoptic flow was weak. Given the mean NE-SW orientation of the coastline, 
the NW and SE wind directions represent offshore and onshore flow, respectively, while 
SW and NE flows represent alongshore flow over much of the coastline (Table 2.1).  It 
should be noted that slight variations in the wind direction and coastline orientation act to 
alter the relative flow direction (i.e. SW alongshore flow produces local areas of onshore 
flow along south facing coastlines). 
Lastly, each diurnal and wind direction class was segregated into two subgroups on the 
basis of the 700 hPa vertical velocity (Fig. 2.3).  Diurnal periods associated with strong 
rising motions in the atmosphere (i.e. top quartile of 700 hPa vertical velocity) were 
distinguished from the remainder of the sample.  It is important to note that during the 
relatively benign summer atmospheric circulation, strong forcing includes days with strong 
rising motions as well as a large number of quiescent days meaning that strong forcing 
during this period is significant only relative to the study period.  Throughout this paper, 











Time of Day  AM 2200 – 1000 LST 
PM 1000 – 2200 LST 
Surface Wind Direction Northwest 270° - 359° 
Southwest 180° - 269° 
Southeast 90° - 179° 
Northeast 0° - 89° 
Synoptic Forcing Weak Forcing Bottom 75% at 700 mb 
Strong forcing Top 25% at 700 mb 
Table 3.1: This table identifies the 3 parameters used to select radar data and how each is 
defined 
 
 This methodology provides 16 primary classes based on the time of day, synoptic 
flow direction and synoptic forcing as shown figure 2.3.  The two classes with NE flow 
direction were excluded from the study as a result of low sample sizes.  Gridded stage IV 
radar data for each class were combined and averaged to produce mean precipitation values 
for each grid for each 12-hour time period.   Gridded results were mapped using a GIS to 
display the precipitation patterns associated with each class.  Additionally, using a GIS, 
mean precipitation values were computed for each of the seven previously defined sub-
regions for each class.   
GIS maps throughout this paper are presented using natural breaks to better display 
precipitation patterns.  This format is based on the subjective recognition of data gaps and 
minimizes variation within and maximizes variation between classes.  This method of 
ranging the data highlights the broader region within each class that received the heaviest 
precipitation, while equal interval ranging highlighted only a few of the most extreme 
 pixels.  While the exact location of the
was primarily concerned with the multi
Figure 3.3 Graphic showing each class based on time of day, synoptic flow and vertical 
forcing.  Radar estimates were averaged for each class.
 
In order to discern the temporal trends in precipitation
hourly composites of stage IV data were constructed.  This detailed analysis was completed 
for the 3 most frequent synoptic flow directions: SW, NW, and SE.  To better represent the 
dominant wind flow, SW flow was further divided
days when synoptic scale activity influenced the area from relatively quiescent days.  NE 
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 very heaviest precipitation was of interest, this study 
-pixel pattern of precipitation. 
 
 throughout a daily period





flow was not included in this analysis as a result of the infrequency of summer days under 
NE flow. Stage IV gridded precipitation estimates were averaged for each two-hour time 
period for each flow direction and mapped using a GIS.  Average values for each of the 7 
sub-regions were computed for each two-hour time period and were used to compare the 






Chapter 4: Results 
 
Mean precipitation values were computed and mapped based on the time of day, 
synoptic flow, and synoptic forcing across the study area.    This chapter begins by 
discussing diurnal precipitation patterns and looks specifically at patterns based on synoptic 
flow and synoptic forcing.  The final part of this chapter analyzes the temporal pattern of 
precipitation for each synoptic flow over 2-hour time periods.  Results focus on spatial and 
temporal patterns with special attention to the inland timing and propagation of the sea 
breeze front and offshore precipitation patterns in relation to the Gulf Stream. 
The map of mean daily precipitation totals for the entire study period (Fig. 3.1) reveals 
a distinct pattern across the study area.  Relatively heavy precipitation is found over the 
Gulf Stream, moderate precipitation inland of the coast, and low precipitation values in the 
interior portion of North Carolina, just offshore of the immediate coast and over the 
Northeast Corner of the study area.  Relatively heavy precipitation over the coast and light 
precipitation immediately offshore associated with ascending coastal and descending 
offshore air respectively indicates the influence of the diurnal sea breeze Sea circulation.  
Over the coastal regions, precipitation is most prolific inland of the capes, most notably 
over Dare County northwest of Cape Hatteras, over Cape Fear, as well as the less convex 
Cape Romain.  The region of heaviest precipitation over the Gulf Stream clearly relates to 
increased convective activity associated with this warm ocean current.  Given the diurnal 
nature of the precipitation, these patterns are further examined by decomposing the daily 
 precipitation maps into two 12
the diurnal pattern. 
  
Figure 4.1 Average daily precipitati
indicate state and county boundaries.
more clearly represent the patterns 
 
4.1 Diurnal Precipitation Patterns
 Figures 3.2a and 3.2b show the mean diurnal precipitation composited 
and PM time periods.  The PM precipitation composite reveals a region of enhanced 
precipitation immediately inland and roughly parallel to the coastline
presence of the sea breeze front and
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-hour time periods (AM and PM periods) to better represent 
on over the entire study period.  Lines over land 
  The legend scale for this map uses natural breaks to 
 
 
, suggesting the 
 highlighting its role in concentrating precipitation in 
for the AM 
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this area.  In addition to the Sea breeze front, resultant outflow boundaries from the initial 
front enhance precipitation over this region.  Precipitation is enhanced inland of Cape Fear 
and northwest of Cape Hatteras over Dare county, although the greatest precipitation values 
are confined to the region inland of the more gradual convex coastline of Cape Romain, SC 
which is in agreement with findings by Boyles (2006).  These areas of enhanced 
precipitation suggest increased convection at the intersection of dual sea breeze fronts that 
propagate inland parallel to the east and south facing coastlines.  Inland of this band of 
heavy coastal precipitation, mean values decrease to the northwest, with the exception of a 
small region of enhanced precipitation over the Sand Hills in NC.   
 Immediately offshore, mean precipitation values decrease rapidly suggesting the 
influence of descending air associated with the offshore component of the sea breeze 
circulation.   The Sound waters inland of the Outer Banks exhibit precipitation patterns 
similar to the offshore waters, while the land immediately inland of the sounds shows a 
pattern similar to the rest of the coastline.  This pattern suggests that the low lying Outer 
Banks do not significantly influence the sea breeze circulation in this region.  
The AM precipitation composite (Fig. 3.2a) displays markedly less variability than the 
PM composite.  Over land, precipitation was relatively light, with the exception of a small 
area of slightly heavier precipitation over the Sounds, most notably inland of Cape Lookout 
and Cape Hatteras.  The region of heavy offshore PM precipitation over the Gulf Stream 
period migrates westward during the AM period, parallel to the mean path of the Gulf 
Stream.  This band of heavy precipitation is located closer to the coast in the North and is 
displaced further offshore to the south as a result of the mean path of the Gulf Stream along 




Figure: 4.2 Average precipitation for a) PM (2200 – 1000 LST) and b) AM (1000 – 2200 
LST) time periods.  The color scale utilizes natural breaks to more clearly illustrate the 
precipitation patterns.   
 
In order to better compare precipitation values for each parameter, the study area 
was divided into 7 sub-regions using a regional classification scheme based on similar 
patterns of daily precipitation and unique geographic features (Fig. 2.1).  Over land, 3 
coastal regions and 1 inland region were identified in order to isolate coastal precipitation 
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associated with the sea breeze circulation. Similarly, the offshore region was divided into 3 
sub-regions, the Gulf Stream, the Continental shelf, and the cooler waters North of Cape 
Hatteras.  Using a GIS, precipitation averages were computed for each region and for each 
map composite.    
 The Gulf Stream region, owing to its greater latent and sensible heat fluxes to the 
atmosphere and associated deep convection, experiences the greatest overall precipitation 
with over one-third more daily precipitation than any other region.  Diurnal differences in 
precipitation (i.e. PM minus AM) are greatest over land and are especially prominent across 
the South Carolina coast region. This region experienced 120% more precipitation during 
the PM hours than the AM hours, suggesting a strong afternoon convective regime 
influenced by the sea breeze circulation.  Similarly, the North Carolina region experienced 
80% more precipitation between the PM and the AM, and the inland region experienced an 
increase of 46%.  The two regions immediately offshore (the Continental shelf and the 
Northeast Corner) exhibit a small decrease in precipitation from AM to PM.  These regions, 





Figure 4.3 Mean diurnal and total precipitation values for the 7 sub-regions.  
 
4.2 Synoptic Flow 
The surface synoptic flow for the study period was estimated using NCEP reanalysis 
data at the center point in the study region near Wilmington, NC.  Wind direction for days 
in which speed is the top three quartiles is summarized in figure 3.4.  Days displaying weak 
flow (i.e. bottom quartile of wind speed) were placed in a separate group and referred to as 
weak flow days.  Given the mean offshore location of the Bermuda High, southwesterly, 
alongshore synoptic flow occurred 45% of the time and was observed most frequently.  
Although southwest flow is referred to as alongshore flow, the intricate coastline of the 
Carolinas often results in varied relative flow directions (i.e. onshore flow along south 
facing coasts and alongshore flow along east facing coastlines).  Wind circulations from the 
northwest quadrant were the 2nd most common flow direction occurring 25% of the time.  
However, on many of these days, winds displayed a west-northwest orientation (i.e. average 







































alongshore flow for south facing coasts and offshore flow for east and southeast facing 
coasts. Southeasterly and northeasterly flow occurred only 18% and 12% of the time 
respectively.  Weak synoptic flow was also considered and includes the bottom quartile of 
synoptic flow periods (lowest 25%), and generally indicates that the region was under the 




























Fig. 4.4: Wind rose showing the surface synoptic flow at a central location in the study area 
using NCEP reanalysis data. Bars are broken down into 20° increments and represent the 
number of days wind is blowing from each heading. 
 
Mean relative humidity, wind speed, and synoptic forcing (i.e. 700 hPa vertical 
velocity) values for each synoptic flow direction and time period are presented in Table 3.1.  
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As expected, southwesterly and southeasterly flows are associated with the highest values 
of relative humidity (65% and 64% respectively).  This can be related to the advection of 
warm moist air from the Gulf of Mexico and the warm waters of the Atlantic and 
Caribbean.  Additionally, southwesterly flow results in synoptic forcing values almost two 
times greater than any other flow direction.  This suggests the presence of synoptic scale 
disturbances and a greater potential for precipitation. Northwesterly flow is associated with 
relatively dry air, but surprisingly it displays the second highest mean values of synoptic 
forcing.  Northeasterly flow has the lowest relative humidity values, the strongest wind 
strength, and is the only flow direction with synoptic scale sinking air motion.   
Examination of pressure maps suggest that northeast flow can be tied to a strong high 
pressure system to the north, while southwesterly and southeasterly flow are associated 

















NW-AM Offshore 293 3.87 59 -3.62 
NW-PM Offshore 293 4.22 58 -2.98 
SW-AM Alongshore 231 4.25 66 -6.65 
SW-PM Alongshore 230 4.49 65 -6.39 
SE-AM Onshore 140 3.75 64 -3.46 
SE-PM Onshore 139 3.85 64 -2.18 
NE-AM Alongshore 61 5.15 54 1.33 
NE-PM Alongshore 58 4.81 55 2.49 
Table 4.1 Values based on NCEP reanalysis data at 700 hPa   
  
Figure 3.5 displays the diurnal precipitation patterns for the 3 dominant synoptic flow 
directions: southwest (or southwesterly), southeast (or southeasterly), and northwest (or 
northeasterly).  Under all three flow directions, precipitation increased over the coast during 
the PM period, with areas of enhanced precipitation inland of the capes.   Although the 
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inland region shows increased PM precipitation, the composites reveal that the heaviest PM 
precipitation was confined to the coastal regions.  This concentration of heavy precipitation 
along the coast indicates the importance of the sea breeze circulation in enhancing 
convective activity.  While all flow directions show increased PM precipitation over the 
coast, the exact location and amount of this enhanced precipitation varies based on synoptic 
flow direction.  The Outer Banks in the Carolinas do not show an increase in precipitation 
under any flow direction, suggesting that the small barrier islands are not large enough to 
influence precipitation at the resolution of this data.  In the offshore regions, the Gulf 
Stream displays relatively heavy precipitation regardless of the flow direction and the time 
of day, while the Continental shelf region shows a marked decrease in precipitation during 
the PM time period supporting the presence of descending air, which suppresses convection 
and precipitation. 
Figure 3.6 displays the PM synoptic flow precipitation averages for each of the 7 sub-
regions, including weak flow, as well as the diurnal differences in precipitation (PM minus 
AM).  In general, southwesterly flow results in the heaviest PM precipitation for all regions 
with the exception of the Continental shelf, while northeasterly flow results in the lightest 
precipitation.  All regions over land showed an increase in precipitation between the AM 
and PM time periods regardless of synoptic flow direction, although the greatest increase 
occurred over the SC coast.  Southwest and northwest averages reveal similar precipitation 
patterns, with increased PM precipitation occurring over land and decreased PM 
precipitation occurring over the water regions.  All other flow directions showed a small 
increase in PM precipitation over both the Continental shelf and Gulf Stream regions.  The 
following sections outline variations in precipitation patterns for each synoptic flow 
 direction.




and time of day. 
 
  
Figure 4.6 a) Average precipitation for the PM time period and all synoptic flow directions.  
B) Diurnal variation in the precipitation (PM minus AM precipitation) by region and 
synoptic flow type.  Positive values indicate 




region during the PM period.  The PM composite displays a band of enhanced precipitation 
directly over the coast, extending 
46 
an increase in diurnal precipitation during the 
) resulted in highly variable precipitation across the study 






flow directions, the band of enhanced precipitation over the coast is displaced further 
inland, suggesting that under northwest flow, the sea breeze circulation is horizontally 
compressed and the sea breeze front does not propagate as far inland.   These findings are in 
agreement with past studies (Arrit, 1988; Gilliam et al., 2003) that suggest that offshore 
conditions produce a sea breeze circulation that develops along the immediate coast and in 
some situations can remain completely offshore.  
Enhanced precipitation inland of the capes is most pronounced under northwest flow, 
specifically in the Cape Fear area.  Interestingly, precipitation is also suppressed over the 
center of the Bays, suggesting the presence of diverging air, in agreement with Crouch 
(2008).  As previously mentioned, offshore flow during the study period has a strong 
westerly component, and this results in alongshore flow for south facing coastlines and 
onshore flow for east or southeast facing coastlines.  This variance in relative flow direction 
may result in dual sea breeze fronts that develop parallel to the coastline at different times 
and advance inland at different speeds, thereby adding to the complexity of precipitation 
patterns over the coast (Gilliam et al. 2003).  The PM precipitation composite supports the 
unequal advance of sea breeze fronts with inland precipitation values displaced slightly 
inland along the south facing slopes south of Cape Romain and Cape Lookout as compared 
to the east facing coastlines. 
 The AM composite displays the heaviest precipitation over the Sounds as compared 
to all other flow directions (Fig. 3.5a). Additionally, relatively light precipitation occurs 
over the western portion of the study area including the South Carolina coastal region and 
the inland region.  In the offshore waters heavy PM precipitation shifts west from the Gulf 
Stream to include the Continental shelf waters during the AM period. 
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 Compared to other synoptic flow directions, the Gulf Stream and the Northeast 
Corner regions experienced the greatest increase in AM diurnal precipitation (figure 3.6) In 
contrast, the greatest PM increase in precipitation occurred over the South and North 
Carolina Coast regions.  The relatively high variation in diurnal precipitation for both the 
coastal and offshore regions suggests an enhanced sea breeze circulation that concentrates 
precipitation over the coast and suppressed precipitation offshore. 
 
Onshore Flow 
Less diurnal variation is found in the onshore (southeast) flow composite relative to the 
other synoptic flow directions (Figs 3.5e and 3.4f).  The PM composite shows the heaviest 
precipitation occurring over the Gulf Stream and inland of Cape Romain.  Offshore, a 
narrow band of suppressed precipitation occurs parallel to the coastline with minimum 
values occurring in the center of the bays and in the Northeast Corner suggesting the 
presence of the descending branch of a relatively weak sea breeze circulation.  The 
occurrence of relatively light precipitation in the center of the Bays suggests sinking air and 
low-level divergence in agreement with Booth (2008).  
Onshore (southeast) synoptic flow results in increased diurnal precipitation during the 
PM period for all regions with the greatest increase occurring over the NC and SC coast 
(Fig. 3.6).  These increases suggest the development of the Sea breeze circulation in the 
afternoon hours; however, the absence of suppressed offshore precipitation indicates a 
weaker circulation cell then under offshore flow.  As compared to other flow directions, the 
Continental shelf region shows the greatest increase in precipitation under southeast flow 




 Alongshore (southwest) flow occurred most frequently during the study period and 
resulted in the heaviest overall precipitation during both the AM and PM periods.  
Relatively high vertical forcing indicates a higher likelihood of synoptic scale activity and a 
greater potential for precipitation regardless of the development of the sea breeze (Figs. 
3.5c and 3.5d).  A region of relatively heavy PM precipitation is concentrated over Cape 
Romain, SC and to a lesser degree inland of the other capes.  Precipitation is displaced 
further inland from the coast along south facing coastlines where southwest flow results in 
onshore flow.    Similar to other flow directions, relatively light precipitation over the 
inland region and immediately offshore suggests that even in the presence of synoptic scale 
activity and southwest flow, the sea breeze may act to concentrate convective activity along 
the coast.  Compared to other flow directions, the southwest AM composite shows a band 
of relatively heavy offshore precipitation positioned further off the coast as compared to 
both onshore and offshore flow.  
 Alongshore (northeast) flow was the least common synoptic flow and shows an 
increase in precipitation occurring for all regions from the AM to PM periods with the 
exception of the Northeast Corner (Fig. 3.6).  Compared to other flow directions, northeast 
flow is associated with significantly lighter PM precipitation for all regions.  This may be 
the result of dry descending air over the study area acting to stifle deep convection.   
 
Weak Flow 
 Weak flow comprises the bottom quartile of wind strength and generally occurs 
when the Bermuda High pressure system is centered over the study area.  Precipitation 
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averages for all regions were generally lower as compared to SW, NW and SE flow, 
indicating the presence of a subsidence inversion that acts to limit deep convection.  An 
examination of the precipitation averages for each of the 7 sub-regions reveals increased 
precipitation from AM to PM periods for all regions with the exception of the Northeast 
Corner (fig 3.6).  It should be noted that the increase over the Continental shelf region is 
minimal and that the greatest increases occur over the NC and SC coast regions.  This 
indicates the development of a weak sea breeze circulation under weak flow conditions in 
agreement with Crouch (2006).   
 
4.3 Synoptic Forcing 
 
 In this section precipitation composites were developed on the basis of the strength 
and polarity of the 700 hPa vertical velocity.  Days in which vertical velocities are in the 
top quartile are termed “strong forcing” days.  They are associated with significant rising 
motions at the synoptic scale, increased instability (i.e. greater thermal environmental lapse 
rate), which encourages the development of widespread deep convection, and precipitation.  
On the other hand, days displaying vertical velocities in the bottom three quartiles (i.e. 
weak rising motions or sinking motions) are terms “weak forcing” days and are tied to more 
isolated patterns of deep convection.    
On strong forcing days (Fig, 3.7) all offshore regions showed increased precipitation 
during the AM period as compared to the PM period.  In contrast, all land-based regions 
showed an increase in PM precipitation as compared to the AM period, with the greatest 
increase occurring over the SC coast region followed by the NC coast region.  As expected, 
weak forcing days are associated with lighter precipitation then strong forcing days across 
 all regions.  Moreover, all regions show relatively greater precipitation totals during the PM 
period, with the exception of the Northeast Corner and the 
South Carolina coast exhibits the greatest diurnal precipitation range of any region, with 
150% more precipitation occurring during the PM time period.  The other coastal regions as 
well as the inland region all show a marked 
Figure 4.7 Precipitation composite for the PM period under strong synoptic forcing. The 
superimposed regional histograms summarize mean precipitation values for AM and P
time periods for strong and weak
 
4.4 Temporal patterns of precipitation
 
 In order to examine the details of the diurnal precipitation pattern, the 24 hour day 
was divided into 12 two-hour increments. Precipitation composites were
two-hour interval for the 3 most 
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Continental shelf 
increase in the amount of PM precipitation.  
 forcing.   
 
 developed for each 
frequently occurring synoptic flows (NW, SW, and SE).   







Because SW flow occurred most frequently (i.e. 45% of the time), separate precipitation 
composites were developed for weak and strong forcing conditions.  Precipitation 
composites are presented in sequences of 12 maps for each synoptic flow (Fig 3.8-3.11).  
Additionally a time series of two-hourly time values is presented for each region (Fig. 
3.12).  These results provide insight into the spatial and temporal pattern of precipitation, 
specifically in relation to the development of the sea breeze. 
 
Offshore 
 The offshore (northwest) composites reveal an initial increase in precipitation over 
the Gulf Stream region during the 0200 – 0300 LST period, and a peak in mean 
precipitation values between 0600 – 1100 LST (Fig. 3.12).  The period of peak precipitation 
over the Gulf Stream coincides with minimum in mean precipitation over the coastal 
regions and a decrease in mean precipitation over the Continental shelf region (Fig. 3.8).   
Compared to other flow directions, the peak precipitation values over the Gulf Stream are 
relatively low, suggesting that offshore flow may decrease the thermal gradient during the 
morning hours and stifle the development of the land breeze circulation. 
Precipitation initially increases over the coast during the 1600 – 1700 LST period 
and is concentrated over Cape Romain and Cape Fear, as well as an additional region of 
enhanced precipitation inland of the South Carolina Coast.  Over the next two map periods, 
the areas of precipitation over the Capes expand and migrate inland.  Precipitation reaches a 
maximum over the SC coastal region during the 1800 – 1900 LST period and a maximum 






The onshore (southeast) composites reveal an increase in precipitation over the Gulf 
Stream during the 0200-0300 LST period and a maximum during the 1200-1300 LST 
period (Fig. 3.12).  Compared to offshore flow, precipitation over the Gulf Stream peaks 
significantly later and is heavier (Fig. 3.9), suggesting enhanced convective activity 
offshore with development of the land breeze.  Additionally, concentrated precipitation 
over the western boundary of the Gulf Stream supports the development of the GSAF 
identified in past studies by Minobe et al. (2008) and Sublette and Young (1996). 
Compared to offshore flow, the onshore composites display an earlier peak in 
coastal precipitation, with maximum precipitation occurring during the 1600-1700 LST 
period for both the NC and SC Coastal regions (Fig. 3.12).  Relatively low average 
precipitation values over the coastal regions suggest a weaker sea breeze circulation under 
this flow regime in agreement with prior studies (Arrit, 1988; Gilliam et al., 2003; Tunney, 
1996).  Similar to northwest flow, the inland region shows a peak in precipitation 2 hours 
after the peak over the coastal regions.  Both the Sounds and the Northeast Corner regions 
display relatively minimal temporal variation in precipitation under onshore flow. 
 
Alongshore 
Alongshore (southwest) flow composites show a markedly different pattern for 
strong and weak forcing.  As expected, precipitation values under southwest synoptic flow 
and strong forcing are greatest across all regions as compared to all other flow directions.  
The Gulf Stream region exhibits a peak in precipitation during the 0800-0900 LST  period 
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(Fig. 3.12), similar to the temporal pattern under northwest flow; however, precipitation 
extends over the entire Gulf Stream and part of the Continental shelf region and is not 
concentrated over the northeast portion as occurred under NW flow (Fig. 3.10).  Similar to 
onshore flow, the region of enhanced precipitation over the western portion of the Gulf 
Stream supports past studies by Minobe et al. (2008) and Sublette and Young (1996) that 
identified the development of the GSAF along the western boundary of the Gulf Stream 
during alongshore flow.   
The alongshore (southwest) strong forcing composites reveal that precipitation 
initially increases broadly over the entire coastal region with a second region of relatively 
heavy precipitation inland of the SC coast (Fig. 3.10).  In the 1600-1700 LST composite, 
the band of relatively heavy precipitation along the coast has advanced inland parallel to the 
coastline leaving a narrow ribbon of lighter precipitation over the immediate coast 
indicating the inland propagation of the sea breeze front.  In contrast to the other flow 
directions, the NC coast exhibits a peak in mean precipitation prior to the peak on the South 
Carolina coast (Fig. 3.12), although maximum precipitation is appreciably higher over the 
SC coast.  Both the SC coast and the Sounds regions display the greatest mean precipitation 
values during the 1800-1900 LST period, followed by the inland region during the 2000-
2100 LST period. 
The alongshore (southwest) weak forcing composites show a peak in precipitation 
over the Gulf Stream during the 1000-1100 LST period with precipitation concentrated over 
the eastern portion of the Gulf Stream region (Fig. 3.12).  Similar to the pattern under 
southeast flow, the continental shelf region also peaks during the 1000-1100 LST period 
suggesting the early morning development of the land breeze.  Both the NC and SC Coast 
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and the Sounds regions exhibit the heaviest precipitation during the 1800-1900 LST period 
followed by the inland region during the 2000-2100 LST period.  Interestingly, regardless 
of flow directions and synoptic forcing, the Inland region experiences the heaviest 
precipitation during the 0000-0100 LST period.   
 

























Figure 4.12 Time series of mean precipitation for each of the 7 sub
synoptic flow.  A) NW synoptic flow b) SE synoptic flow c) SW synoptic flow/no synoptic 
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Chapter 5: Conclusion 
 
This study examined the spatial and temporal pattern of summer (June-August) 
precipitation across the coastal regions of North and South Carolina.  Precipitation 
composites were developed using WSR-88D stage IV radar precipitation estimates for 16 
atmospheric circulation classes.  These classes were identified based on 3 parameters 
known to relate to the character of the land-sea breeze circulation: the time of day, synoptic 
flow direction, and the degree of synoptic forcing.  Precipitation composites revealed a 
distinct pattern that varied spatially and temporally depending on the interaction of 
synoptic-scale and mesoscale atmospheric processes, most notably the sea breeze 
circulation. 
The heaviest precipitation occurred over the Gulf Stream during both the AM and 
PM periods.  This result is in agreement with Allis and Raman (1995) who identified a 
greater coverage of high clouds over the Gulf Stream as compared to the Carolinas and the 
Continental shelf waters.  Compared to the AM period, the PM composite revealed 
enhanced precipitation over land and relatively light precipitation directly offshore over the 
Continental shelf waters.  Most notably, a band of relatively heavy precipitation was 
located immediately inland of the coastline.  This spatial pattern indicates the development 
of the sea breeze circulation and its role is enhancing rising air motions and precipitation 
over the coast and suppressing precipitation offshore.  This result is consistent with findings 
by Arrit (1996), Boyles (2006), Gilliam et al. (2004), Crouch (2006) and Booth (2008).   
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The PM composite revealed relatively heavy precipitation inland of the Capes, 
which is likely tied to the intersection of dual sea breeze fronts; however, the exact location 
of enhanced precipitation was dependent on synoptic flow and forcing conditions.  Over the 
coast, the heaviest precipitation occurred over Cape Romain, SC, consistent with findings 
by Boyles (2006) and Booth (2008).   Interestingly, the precipitation in the Cape Romain 
area is greater than that found in the vicinity of Cape Hatteras, which is much less convex 
(i.e. less convergence of sea breezes).  One possible explanation is that the unstable, moist 
air is present more frequently to the south, thus there are more days during the summer in 
which convective precipitation develops in the Cape region.  Additionally, inertial currents 
are in phase with the Sea breeze/land breeze circulation at 30°N (Simpson, 1994), which 
may act to enhance precipitation over this more southern Cape.   Similarly, relatively light 
precipitation in the center of the Bays can be associated with locally descending and 
diverging air.  Finally, the Northeast corner displayed the lightest precipitation of any 
region indicating stable air over this relatively cool water.  Further study, specifically an 
enlarged study area that includes the region immediately north of the current study area, is 
needed to explore precipitation patterns over this distinctly different offshore region.   
In general, precipitation composites developed for the four synoptic flow directions 
revealed patterns consistent with past studies (Gilliam et al., 2004; Boyles, 2006; Arrit. 
1996; Crouch, 2008).  Under offshore (northwest) flow, enhanced precipitation was 
concentrated directly over the coastline and suppressed over the offshore regions suggesting 
a restricted inland propagation of the sea breeze front and a strengthened circulation cell.  In 
contrast, onshore (southeast) flow composites revealed the heaviest coastal precipitation 
shifted further inland and less spatial variation in precipitation across the study area, 
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indicating an increased inland propagation of the sea breeze front and a weakened 
circulation cell.  These variations in the strength and location of the sea breeze circulation 
are in agreement with Gilliam et al. (2004), Arrit (1996), Frysinger et al. (2003), and 
Tunney (1996).  The heaviest precipitation occurred under southwest flow conditions, and it 
was distributes across the entire study region.  The greatest increase in precipitation from 
the AM to PM period occurred over the South Carolina coast.  Precipitation was displaced 
further inland along south facing coastlines (where southwest flow resulted in onshore 
flow) as compared to east facing coastlines (where southwest flow resulted in offshore 
flow), thus supporting the presence of dual sea breeze fronts.  The high frequency of 
southwest flow (i.e., SW flow occurred 45% of the time) and the relatively heavy 
precipitation associated with this synoptic flow direction, indicates that this precipitation 
pattern strongly influenced the overall precipitation pattern during the summer months.  
Although this study shows the general precipitation patterns associated with southwest 
flow, further work is needed to explore variations in precipitation patterns under strong and 
weak southwest flow.    
Intra-diurnal precipitation patterns were examined by creating two-hourly 
composites of the 3 most frequent synoptic flow directions (i.e. NW, SW and SE).  All 
land-based regions, as well as the Gulf Stream region showed a strong diurnal pattern of 
precipitation that varied over space and time based on synoptic flow and synoptic forcing 
conditions. 
Under all synoptic flow conditions, coastal precipitation initially increased over the 
Capes, suggesting that in addition to enhancing precipitation, the intersection of dual sea 
breeze fronts was associated with an earlier onset of precipitation. Precipitation over the 
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inland region peaked 2-4 hours after the coastal regions, indicating the initial development 
of the sea breeze front along the coast, followed by the inland propagation of the front.  
Coastal precipitation peaked between 1400-2100 LST with the earliest peak occurring 
under southeast flow.  All coastal regions displayed a significantly heavier peak in 
precipitation under northwest flow as compared to southeast flow conditions; however, the 
heaviest peak in precipitation occurred under southwest flow/strong forcing conditions.  
This suggests that under southeast flow conditions the sea breeze circulation was weaker 
and propagated inland more rapidly.  A decrease in precipitation over the coast coincided 
with an increase in precipitation over the Gulf Stream as the daytime thermal gradient 
diminished, the sea breeze circulation weakened, and the land breeze developed.   
The two-hour composites revealed a strong diurnal pattern of precipitation over the 
Gulf Stream that varied based on synoptic flow and forcing.  The Gulf Stream experienced 
relatively heavy precipitation during onshore (southeast) flow compared to relatively light 
precipitation during offshore (northwest) flow.  This pattern can be associated with an 
enhanced land breeze circulation under onshore flow conditions, similar to the development 
of a stronger sea breeze circulation under offshore flow conditions.   Under southeast flow 
conditions, the onshore advection of warm, maritime air opposes the cooler surface land 
breeze, resulting in an enhanced thermal gradient.  This strengthened thermal gradient is 
connected to stronger rising air motions along the land breeze front and increased levels of 
precipitation.  Additionally, under onshore flow, the region of relatively heavy offshore 
precipitation is positioned closer to the coast, supporting the development of a horizontally 
compressed land breeze circulation as a result of the thermal gradient. Composites 
displayed an earlier peak in precipitation under northwest and southwest flow/strong 
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forcing as compared to southeast flow and southwest flow/weak forcing.  Future work is 
needed to explore the relationship between the offshore precipitation patterns and fine-
grained SST.  Variations in the path of the Gulf Stream occur on daily to weekly time 
scales.  The relationship between SST and precipitation patterns needs to be examined on a 
daily, weekly, and seasonal time period as well as a mean over the entire study period. The 
relationship between these two patterns will provide insight into the importance of latent 
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